SUMMARY Irreversible ischemic myocardial cell injury develops in an increasing number of cells as the duration of coronary occlusion is prolonged. The present study quantitates myocardial necrosis produced by 40 minutes, 3 hours, or 6 hours of temporary circumflex coronary occlusion (CO) followed by 2 to 4 days of reperfusion, or by 24 [12] [13] [14] [15] [16] [17] [18] [19] On the other hand, permanent occlusion of the vessel for 24 or more hours causes necrosis which is essentially transmural.3 These observations indicate that not all cells in the ischemic myocardium die simultaneously and that, in the dog, ischemic cells in the mid-or subepicardial myocardium are available for salvage for a period of hours.
IN RECENT YEARS, there has been much interest in the idea that it is possible to salvage acutely ischemic, but still reversibly injured, myocardium, by either pharmacologic or surgical intervention.1 S This concept is based on the belief that not all cells die simultaneously in an area of acute myocardial infarction in man. The evidence supporting this belief is largely intuitive but is suggested by a variety of permanent and temporary coronary artery occlusion experiments in dogs. Although subendocardial necrosis results from even a brief period (20-40 min) of temporary coronary occlusion, much of the subepicardial myocardium survives if blood flow is restored.10' 11 Temporary occlusion studies employing a variety of models and techniques, have generally supported the idea that salvageable myocardium is present for 2-3 hours after coronary artery occlusion.3' 10, [12] [13] [14] [15] [16] [17] [18] [19] On the other hand, permanent occlusion of the vessel for 24 or more hours causes necrosis which is essentially transmural. 3 These observations indicate that not all cells in the ischemic myocardium die simultaneously and that, in the dog, ischemic cells in the mid-or subepicardial myocardium are available for salvage for a period of hours.
The present study was done to assess the progression of cell death during acute myocardial ischemic injury in dogs and to determine the amount of ischemic but viable myocardium available for salvage at various times following occlusion of a major coronary artery. The results show that irreversible injury develops at variable times. A wave of cell death begins in the subendocardial myocardium and progresses toward the subepicardial myocardium. The subendocardial myocardium dies early, while many cells in the subepicardial myocardium survive for up to six hours following coronary occlusion. These results provide an anatomic baseline in dogs for evaluating pharmacologic or surgical attempts to modify infarct size.
Materials and Methods
Mongrel dogs weighing 9-20 kg were assigned to one of five groups as described below. Each dog was anesthetized occlusion, irreversible injury progressed as a wavefront toward the subepicardium. Transmural necrosis was 38 ± 4% after 40 mi, 57 ± 7% after 3 hours, 71 ± 7% after 6 hours and 85 ± 2% after 24 hours of ischemic injury. These results document the presence of a subepicardial zone of ischemic but viable myocardium which is available for pharmacologic or surgical salvage for at least three and perhaps six hours following circumflex occlusion in the dog.
with intravenous sodium pentobarbital (30 mg/kg), underwent endotracheal intubation, and was ventilated with a Harvard 1063 respirator. Sterile instruments, sponges and drapes were used during the surgical procedure. A catheter was placed in the right femoral artery via its saphenous branch to monitor blood pressure. Lead II of the standard ECG and peripheral blood pressure were recorded on a Brush model 440 recorder at standard intervals throughout the experimental procedure. The left chest was opened through the fourth intercostal space. The lung was retracted and the pericardium was opened. The circumflex artery was isolated 10-15 mm from the aorta and one #I silk suture was placed around it.
Three groups of dogs underwent temporary left circumflex coronary artery occlusion followed by two-four days of reperfusion: Group 1: 40 minute occlusions; Group 2: three hour occlusions; and Group 3: six hour occlusions. In these dogs, occlusion was produced by pulling both ends of the suture through a small glass tube and fastening the suture ends with the tips of a mosquito hemostat, thereby kinking the artery within the end of the tube. In two groups, occlusion was permanent (Group 4: 24 hours; Group 5: 96 hours) and was produced by double ligation of the artery.
Subsequent to reperfusion in groups 1-3 and subsequent to ligation in groups 4 and 5, incisions were closed, air was removed from the chest and dogs were allowed to recover from anesthesia.
Determination of Extent of Necrosis
After the appropriate period of occlusion with or without reperfusion, each dog was re-anesthetized, the chest reopened and the heart excised. The circumflex artery was opened to establish the point of occlusion and ensure that arterial thrombi had not developed in the reperfused groups. The left ventricle was opened and three transmural slices were cut longitudinally through the posterior papillary muscle which is centrally located within the area made ischemic by circumflex coronary artery occlusion. 20 The slices were photographed and fixed in 10% phosphate buffered formalin for preparation of histologic sections. Myocardial necrosis was identified in sections stained with hematoxylin and eosin (H&E) and was quantitated from photographic enlargements of the sections stained with Heidenhain's variant of Mallory's connective tissue stain (CT) ( fig. 1) necrosis which is typically confluent in the subendocardial myocardium with focal involvement of the mid-or subepicardial myocardium. By 6 to 24 hours, necrosis becomes nearly transmural. Residual viable myocardium in these sections is observed primarily in subepicardial foci, which are often adjacent to blood vessels, and at the base of the papillary muscle near the apex of the heart, i.e., at the junction of the beds perfused by the circumflex and the anterior descending coronary arteries. A transmural progression of cell death has previously been suggested by histochemical and electrophysiologic techniques. Cox has shown irreversible loss of dehydrogenase enzyme activity2l and of electromotive force22 gradually progressing from subendocardial to subepicardial myocardium following coronary occlusion. The mechanism of this subendocardial to subepicardial progression of injury probably is related primarily to the transmural distribution of coronary collateral flow. In dogs, collateral flow occurs largely via epicardial anastomoses and reaches the myocardium via penetrating muscular arteries which are functionally end arteries. During systole, intramyocardial tension is greatest in,2' and limits perfusion of the subendocardial myocardium.'4 Increased subendocardial flow must occur during diastole in order to attain the uniform transmural distribution of flow normally observed in nonischemic myocardium20' 25. 2B This autoregulatory mechanism cannot compensate for total coronary artery occlusion and a transmural gradient of collateral flow develops. Flow in the central subendocardial zone is reduced to less than 15% of flow in nonischemic areas (severe ischemia). In the mid-and subepicardial myocardium, flow may be up to 15-30% of normal (moderate ischemia). '7 In addition, recent studies by Dunn and Griggs2' suggest that, in vivo, there may be a transmural gradient of metabolic rate with the greatest energy utilization occurring in the subendocardial myocardium. Thus transmural differ- ences in metabolic demand may also contribute to the wavefront phenomenon of cell death.
Effects of Reperfusion
Reperfusion of the area of ischemia had one or more of several effects in the present study which can be summarized as follows: 1) Reperfusion preserved viable myocytes.
2) Reperfusion, where not impeded by vascular damage (peripheral zone), accelerated the disruption of irreversibly injured myocytes and permitted the process of inflammation, phagocytosis and infarct repair to begin quickly.
3) Reperfusion permitted interstitial hemorrhage from vessels which had been injured by ischemia but were still perfusable at the time of reflow. 4) Reperfusion had no effect on areas which apparently had become nonperfusable (central pale zone).
Necrosis following reperfusion of irreversibly injured myocardium has been extensively studied at both the light and electron microscopic level. Reperfusion after 40 min of coronary occlusion results in the rapid development of prominent myofibrillar contraction bands ( fig. 3 ) and tissue edema (by light microscopy).29 The ultrastructural features of accelerated necrosis following reperfusion of irreversibly injured ischemic myocardium include explosive cell swelling with formation of large subsarcolemmal blebs, breaks in the sarcolemma, and the development of myofibrillar contraction bands and mitochondrial calcification.30 32
Interstitial hemorrhage was prominent after reperfusion of 3 and 6 hour occlusions. It seems likely that this hemorrhage reflects ischemic injury of the vasculature and that hemorrhage may have contributed to increased interstitial pressure resulting in production of the no reflow phenomenon in the central core33 and of the decreased compliance and the further deterioration of local contractile function which has been observed by Lang et al.34 and others. It is unlikely, however, that vascular damage and the resultant hemorrhage following reperfusion, caused infarct extension"' because a) reperfusion resulted in a smaller average transmural extent of necrosis at 3 hours and in no change at 6 hours compared with permanent infarcts, and b) the transmural progression of myocyte necrosis appeared to precede the development of vascular damage such that a midzone of hemorrhage was always surrounded by a peripheral zone of necrosis with an intact vasculature.
The relative morphologic preservation of the central core in permanent occlusions has been emphasized by Bishop et al.,35 who implied that myocytes in this core might still be viable. The latter hypothesis is untenable in light of the severe early ultrastructural damage which has been demonstrated in this central zone.36' 37 Rather, the slow progression of histopathologic changes in the central zone is equivalent to the changes associated with postmortem autolysis in the complete absence of blood perfusion. 38' 3 The presence of hemorrhage and vascular obstruction around these central core areas suggest that little or no perfusion is penetrating such foci.
Estimation of Salvageable Myocardium with Respect to Duration of Ischemia
Although much research effort has been devoted to the gical means, the rate of progression of ischemic injury and the size of the ischemic but still viable "border zone" with respect to the duration of ischemia has received relatively little attention in experimental animals. Also, at the present time, it is impossible to estimate, during life, the amount of salvageable myocardium following onset of myocardial infarction in man.
In the present study, necrosis within transmural sections of the posterior papillary muscle was used as a quantitative estimate of the transmural extent of cell death. Although total left ventricular infarct size was not measured in this study, the transmural progression of injury described occurred throughout the circumflex bed. Necrosis within transmural sections of the posterior papillary muscle has been shown to be a reliable index of overall left ventricular necrosis in this model ( fig. 12 ).
The present study re-emphasizes the fact that cell death occurs early in the subendocardial zone of severe ischemia and that about half of the ischemic myocardium that is necrotic at 24 hours has already died by 40 In conclusion, this study demonstrates that irreversible injury of ischemic myocardium develops as a transmural wavefront which begins in the subendocardial myocardium and moves progressively toward the subepicardial myocardium ( fig. 9 ). In dogs with circumflex occlusions there is a subendocardial zone of severe ischemia which dies relatively quickly. Subepicardial myocardium, which is moderately ischemic, dies more slowly and survives if the ischemic insult is terminated by reperfusion. The timing of the transmural progression of cell death (figs. 10, 11) 
